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The Kaladawan Fe–Moore field in Altyn (Xinjiang Province, NWChina) contains six Fe (–Mo) deposits, with total
proven reserves of 60 Mt Fe and 10,000 t Mo. Tabular, lensoidal and stratiform orebodies occur in the Cambrian
foliated marble, phyllite, carbonaceous slate, chlorite–sericite schist and quartz–sericite schist along the
exocontact zone of the Kaladawan granite. Skarns are extensively developed and dominated by garnet, pyroxene,
epidote, tremolite and actinolite, withminor chlorite, zoisite, quartz and calcite. Ore minerals aremainlymagne-
tite andmolybdenite. Five alteration andmineralization stages (I–V) were identified: the prograde (I) and retro-
grade (II) skarns are characterized by assemblages of garnet–pyroxene and epidote–tremolite–actinolite,
respectively, intruded and replaced by mineral assemblages of magnetite–epidote–zoisite (III), quartz–sulfides
(IV) and calcite–chlorite (V) in younging order. The Kaladawan garnet contains more andradite (61.2–
94.4 mol%) than grossularite (37.5–5.0 mol%). Pyroxene is Mg-rich and Fe-poor, with an endmember range of
55.4–94.7mol% diopside and 42.5–4.7mol% hedenbergite. Amphibole comprisesmainly tremolite and actinolite.
The Kaladawan skarn mineral contents resemble typical skarn Fe and Mo deposits. In-situ LA-ICP-MS magnetite
trace element analysis had identified unusually highMg,Mo and Cr concentrations. The highMo and the absence
of molybdenite inclusions in magnetite suggest that the hydrothermal fluids may have been Mo-rich. The mag-
netite also contains similar (Ti + V) and (Al + Mn) values with typical skarn Fe deposits. Therefore, the
Kaladawan Fe–Mo mineralization is best attributed to be skarn-type, and related to the Kaladawan granite
intrusion.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The Kaladawan Fe–Mo ore field is located in the newly-discovered
Kaladawan Fe–Cu–Pb–Zn Polymetallic Metallogenic Belt in eastern
AltynMountains, NWChina (Fig. 1). It was discovered by the No. 1 Geo-
logical Party of the Xinjiang Bureau of Geology and Mineral Resources
Exploration and Development (No. 1 XBGMRED) in 2006. The proven
metal reserves of the ore field are 60 Mt Fe (average grade: 31.9%)
with 10,000 t Mo as by product (XBGMRED, 2012). The Kaladawan
Fe–Mo ore field contains five Fe deposits (i.e., Babaxi, Baba, 7914,
7915 and 7918) and one Fe–Mo deposit (i.e., 7910) (Fig. 1B and C,
XBGMRED, 2012). These deposits share similar geological features,
such as: 1) Stratiform (and also stratoid and lensoidal) orebodies hosted
by Paleozoic volcanic–sedimentary sequences. 2) Spatial correlation
between the Fe–Mo mineralization and skarn (garnet and actinolite)
and/or potassic, silicic, chlorite, epidote and carbonate alterations. 3)
The presence of numerousmafic to felsic plutons intruding in the Paleo-
zoic sequences.

In the past, the Kaladawan Fe–Mo mineralization was variably at-
tributed to “hydrothermal metasomatic-filling type” (Qi et al., 2008)
or “synsedimentary–exhalative (SEDEX) type” (Chen et al., 2009,
2012; Gao et al., 2012; Hao, 2013). Recent studies attributed these de-
posits as typical submarine volcanogenic iron-oxide (SVIO) deposits,
which were defined as volcanic-associated/volcanic-sedimentary-
hosted Fe oxide deposits formed at or near the seafloor in submarine
volcanic settings (Hou et al., 2014a; Zhang et al., 2014). However, limit-
ed information in the mineral assemblages and mineralization and al-
teration paragenesis has prevented conclusive characterization of the
Kaladawan deposit type and metallogeny.

Magnetite, an important ore mineral in most Fe deposits, has long
been used in deposit type fingerprinting and metal provenance studies
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Fig. 2. (A) Geological map of the 7918 and 7910 deposits. (B) Geological cross section of the No. 16 prospecting line at the 7910 deposit, showing the orebody occurrence and its
relationship with the intrusion and skarn.

589C.-M. Wang et al. / Ore Geology Reviews 81 (2017) 587–601
(Ramdohr, 1926). This tool has become more powerful with the devel-
opment of the LA-ICP-MS trace element analytical technology (e.g., Dare
et al., 2014; Dupuis and Beaudoin, 2011; Nadoll et al., 2014a; Huang et
al., 2015). In this paper, based on ore deposit geology, new obtained
data on skarn mineralogy and in-situ LA-ICP-MS magnetite trace
element geochemistry, we will identify the genesis of the Kaladawan
Fe–Mo ore and discuss the relationship between the Fe and Mo miner-
alization and the metallogeny in this ore field.

2. Regional geology

The Altyn Mountains are located in the southeast of the Tarim Basin
(NW China), and bordered with the Qaidam Basin along the Altyn Fault
(Fig. 1A). The Kaladawan district is situated in the eastern Altyn Moun-
tains (Fig. 1A, B). The basement of the district consists of the high-grade
metamorphic Neoarchean Milan Complex, which is overlain by some
sedimentary covers, i.e., the Proterozoic Jinyanshan Formation and
Suoerkuli Group, Paleozoic Tashibulake and Kaladawan formations,
and Cenozoic Yingebulake Formation (Fig. 1A and B). These stratigraph-
ic units were folded into the Kaladawan Synclinorium (Hao, 2013).

TheMilan Complex, bounded to the south by the EW-trendingNorth
Altyn Fault (Fig. 1C), is exposed in the northern Kaladawan district. The
complex contains mainly granitic gneiss (resembling TTG rocks), K-
feldspar–plagioclase gneiss, biotite–plagioclase gneiss (SHRIMP zircon
U–Pb age: 2592±15Ma;Xin, 2012), hypersthene granulite and banded
migmatite. As for the granitic gneiss, it is mainly composed of
monzogranitic gneiss (SHRIMP zircon U–Pb age of 2830 ± 45 Ma),
tonalitic gneiss (SHRIMP zircon U–Pb age: 2567± 38Ma) and granodi-
oritic gneiss (Xin, 2012). These Archean rocks were subjected to
granulite-facies prograde metamorphism at ca. 2.40–2.35 Ga
and amphibolite-facies retrograde metamorphism at ca. 2.0–1.9 Ga
(Xin, 2012). Moreover, these metamorphic rocks were intruded by
some Proterozoic plutons (later metamorphosed) (Xin et al., 2011),
Fig. 1. (A) Tectonic framework of China, showing the location of the Altyn Mountains (modi
Kaladawan district (modified after He et al., 2005). (C) Local geology of the Kaladawan district
including plagioclase amphibolite (2374 ± 10 Ma), dioritic gneiss
(2051.9 ± 9.9 Ma) and syenitic gneiss, with their protoliths being
gabbro-dolerite, diorite and quartz syenite, respectively (Liu et al.,
2009; Xin, 2012).

The Mesoproterozoic Jinyanshan Formation contains low-grade
meta-carbonates intercalated with metamorphosed clastic rocks. The
major rock types include crystalline/banded siliceous/stromatolite-
bearing limestone, dolomite, foliated siltstone and silty mudstone,
slate and phyllite with minor two-mica schist and mica–quartz schist
(Hao, 2013). The formation was thrusted over the Miocene sequence
along the Jinyanshan Fault (Fig. 1C). The Neoproterozoic Suoerkuli
Group (northern Kaladawan) containsmainly dolomite, calcareous silt-
stone, oolitic chert, granule conglomerate, quartz sandstone and silty
mudstone.

The Cambrian Tashibulake and Ordovician Kaladawan formations
were juxtaposed over the Jinyanshan Formation by the Bashikaogong
Fault (Fig. 1C). The Tashibulake Formation is the most important ore-
bearing strata, hosting the Kaladawan Fe–Mo ore field and the Abei
Ag–Pb deposit, and it has undergone greenschist-facies regional meta-
morphism. The formation contains meta-calcareous quartz sandstone,
slate, sericite phyllite and minor two-mica–quartz schist and siliceous
marble (XBGMRED, 2009). Fossil evidence (e.g., brachiopods: Orthids
sp., Finxelnburgia sp. and Xenorthis sp.; Trilobites: Yosimuraspis sp. and
Lciosicglid sp.) constrains the Tashibulake Formation to be the Late Cam-
brian (XBGMRED, 2009). And the Tashibulake Formation was intruded
by Early Paleozoic granitoids (including diorite, granodiorite,
monzogranite, granite) andminor gabbro–dolerite. The Kaladawan For-
mation containsmainlymeta-basalt,meta-basaltic andesite, dacite, rhy-
olite, volcanic breccia, agglomerate and tuff (XBGMRED, 2009). The
Yingebulake Formation is composed of limestone, sandstone and silt-
stone, exposed at Kaladawan locally (Cui et al., 2010). The Cenozoic se-
quence is mainly composed of conglomerate, sandstone and siltstone
distributed in southern Kaladawan.
fied after Li et al., 2012). (B) Geological map of the Altyn Mountains and the location of
, showing the location of the Kaladawan Fe–Mo ore field.
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Fig. 3. Photomicrographs showing ore mineralogy and hydrothermal alteration and mineralization features. (A) Type 1 garnet replaced by epidote and tremolite. (B) Type 2 garnet
intergrown with diopside. (C) Epidote–actinolite veins crosscutting diopside skarn, then crosscutted by magnetite–epidote vein. (D) Magnetite and zoisite. (E) Magnetite with epidote
in massive ore. (F) Garnet filled by quartz–molybdenite ± calcite veinlets (reflected light). (G) Magnetite–actinolite assemblage replaced and filled by sphalerite–pyrite–chalcopyrite
assemblage (reflected light). (H) Epidote replaced by quartz. (L) Calcite veinlets crosscutting dacite. Abbreviations: Grt, garnet; Di, diopside; Act, actinolite; Ep, epidote; Mt, magnetite;
Q, quartz; Mo, molybdenite; Sph, sphalerite; Cpy, chalcopyrite; Py, pyrite; Cal, calcite.
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Some ophiolitic segments are exposed in the east of the Kaladawan
district and exhibit faulted contacts with the Paleozoic sequences.
They consist mainly of peridotite, gabbro, sheeted dikes and basaltic
lavas (Yang et al., 2008). Gabbro from the ophiolite has a zircon SHRIMP
U–Pb age of 479.4 ± 8.5 Ma (Yang et al., 2008).

At least four major faults were identified in the Kaladawan district:
1) The oldest and largest North Altyn Fault (EW-trending and S-dip-
ping) thrusted the Paleozoic sedimentary rocks over the Archean–Pro-
terozoic metamorphic rocks and controlled the Paleozoic granitoid
emplacements. 2) The younger Lapeiquan Normal Fault (EW-trending
and S-dipping) was activated in ca. 220–180 Ma and reactivated in ca.
100 Ma (Chen et al., 2003). 3) The Jinyanshan Thrust Fault and its sec-
ondary faults, strike NEE, dip 45°–60° to the north and juxtaposed the
Mesoproterozoic Jinyanshan Formation to the Cenozoic sedimentary
sequence. 4) The youngest Kaladawan reverse faults may be linked to
the sinistral shear along the Altyn Fault Zone (Fig. 1C).

The Kaladawan Fe–Mo field (including the Babaxi, Baba, 7914, 7915,
7918 and 7910 deposits) were developed in the Kaladawan district
(Fig. 1C). This study focused on the 7918 and 7910 deposits in the
Kaladawan field.

3. Deposit geology

The Kaladawan Fe–Mo ore field is located in the central Kaladawan
district (Fig. 1C). Exposed strata include the Cambrian Tashibulake For-
mation foliated marble, sericite phyllite, carbonaceous slate, chlorite–
sericite schist and quartz–sericite schist (Fig. 2, XBGMRED, 2012). The
marble generally occurred as lenses in the chlorite schist and quartz–

Image of Fig. 3
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chlorite–sericite schist. In the ore field, the Tashibulake Formation was
intruded by gabbro and dolerite dikes, then intruded by the 476.1 ±
3.6 Ma Kaladawan granite (Wang et al., 2016). The Kaladawan granite
was emplaced parallel to theNorth Altyn Fault (Fig. 1C) andwas intrud-
ed by later granodiorite and diorite porphyry dikes and granite porphy-
ry (Fig. 2A). The Kaladawan skarn alteration and mineralization
occurred along the contact between the Kaladawan granite and
the Tashibulake Formation. Alterations associated with the
granite show a distinct zoning pattern from the granite outward:
garnet+ clinopyroxene skarns, tomagnetite+molybdenite associated
with epidote + actinolite ± tremolite skarns, to epidote + calcite ±
wollastonite marble (Fig. 2B).

The orebodies strike 165°–212° and dip 50°–85° to the south, with
Fe and Mo grades being 20.5–47.2% (average 31.86%) and 0.03–0.16%
(average 0.07%), respectively. Magnetite is an important and abundant
ore mineral. Other metallic minerals include molybdenite, pyrrhotite,
pyrite, chalcopyrite, sphalerite, galena and scheelite. Gangue minerals
include mainly garnet, diopside, tremolite, actinolite, epidote, zoisite,
chlorite and calcite.

Most orebodies occur as lenses or veins in the exoskarn-altered wall
rocks (Fig. 2B). Other alteration styles, including potassic, silicic, carbon-
ate and chlorite alterations, were also identified. Hao (2013) reported
individual molybdenite Re–Os ages ranging from 477.1 ± 7.0 Ma to
483.3 ± 7.0 Ma, with an isochron age of 480.2 ± 3.2 Ma, from the
7910 Fe–Mo deposit, later than its host rocks, i.e. the Tashibulake
Formation.
4. Paragenesis of mineralization/alteration minerals

Five paragenetic stages (Stages I–V)were identified according to the
mineral assemblages and their crosscutting relationship at the 7918 and
7910 deposits (Figs. 3 and 4).
I). Prograde skarn: The alteration was observed in both outcrops
and drill cores. Massive skarn is well-developed along the intru-
sive contact between the Kaladawan granite and the Tashibulake
Formation wall rocks, and contains mainly an mineral assem-
blage of garnet–pyroxene. Two types of garnet (Type 1 and 2)
were identified: Type 1 garnet (brownish-red to brown) is
hypidiomorphic–idiomorphic, with medium- to coarse-grained
blastic texture (Fig. 3A), mainly occurs in the volcanic wall
rocks or hornfels around the granite, and is mostly anisotropic
and exhibit anomalous optical characteristics and oscillatory zo-
nation under plane-polarized transmitted light. Type 2 garnet
(yellowish-green to green) is idiomorphic, with medium- to
coarse-grained blastic texture (Fig. 3B). Some Type 2 garnet
grains occur as intergrown with pyroxene along the contact
with marble. Pyroxene mainly occurs as grayish-green fine-
grained aggregates (Fig. 4B). Some pyroxenes also replaced gar-
nets.

II). Retrograde skarn: The alteration is featured by an assemblage of
amphibole (e.g., actinolite and tremolite) + epidote ± zoisite ±
sphene ± apatite ± chlorite that crosscut or partially replaced
garnet and pyroxene (Fig. 3B, C, D). Some amphiboles occur as
columnar or fibrous and radiating aggregates (Fig. 3B), others
(dark grayish-green) are with felted texture, filled in the frac-
tures/fissures of the volcanic wall rocks or Stage I skarn, and
intergrown with epidote grains (Fig. 3C). Epidotes occur as
euhedral, coarse-grained crystals or fine-grained aggregates,
and replaced garnets or hornblendes in the volcanic rocks (Fig.
4A). Some epidote grains partially replaced oscillatory-zoned
garnets along its growth planes. Trace sphene and apatite occur
along the granite–volcanic rocks intrusive contact.

III). Magnetite–epidote–zoisite: Retrograde alteration minerals were
replaced by an mineral assemblage of magnetite + epidote ±
amphibole ± zoisite. Some magnetite + epidote veins were

Image of Fig. 4


Table 1
EMPA data of diopside from the Kaladawan ore field.

Sample ZKC-4-6 ZKC-4-3 ZKC-4-1 ZKB-7-7 ZKB-7-4 ZKB-7-8 ZKB-7-3 ZKE-7-3- ZKB-7-2

SiO2 53.04 52.78 54.01 52.62 53.94 54.25 52.76 52.35 54.34
TiO2 0.06 0.01 0.01 0.02 0.05
Al2O3 0.55 0.02 0.02 0.20 0.52 0.02 1.34 0.35 0.09
Cr2O3 0.03 0.01 0.02 0.02 0.01
FeO 3.52 8.19 3.87 8.58 1.94 1.35 2.77 8.52 1.22
MnO 0.50 0.87 0.62 0.71 0.19 0.56 0.20 0.69 0.35
MgO 14.91 12.60 15.60 12.54 16.93 16.84 15.88 12.61 17.21
CaO 27.11 25.06 25.64 25.91 25.78 27.18 26.77 25.63 27.19
Na2O 0.01 0.02 0.28 0.03 0.06 0.12 0.39 0.09
NiO
K2O 0.01 0.01 0.01 0.01 0.04 0.03 0.02
P2O5 0.03 0.04 0.02 0.04 0.06 0.04 0.02 0.02 0.04
BaO
F
Cl 0.15 0.11 0.10 0.10 0.12 0.08 0.06 0.04 0.08
Total 99.86 99.73 99.93 100.99 99.53 100.41 100.00 100.66 100.61

Number of ions on the basis of 6 atoms of oxygen
Si 1.97 1.99 1.99 1.97 1.98 1.98 1.94 1.97 1.98
Al(IV) 0.00 0.00 0.00 0.00 0.02 0.00 0.06 0.00 0.00
Al(VI) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.06 0.02 0.02 0.10 0.03 0.07 0.10 0.12 0.08
Fe2+ 0.05 0.24 0.10 0.17 0.03 0.00 0.00 0.15 0.00
Mn 0.02 0.03 0.02 0.02 0.01 0.02 0.01 0.02 0.01
Mg 0.82 0.71 0.86 0.70 0.93 0.92 0.87 0.71 0.93
Ca 1.08 1.01 1.01 1.04 1.01 1.06 1.06 1.03 1.06
Na 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.03 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn/Fe 0.17 0.11 0.16 0.08 0.10 0.27 0.06 0.08 0.14

Clinopyroxene components (mole fraction %)
Jo 1.47 2.83 1.97 2.30 0.59 1.64 0.59 2.30 0.99
Hd 12.63 24.90 10.62 21.51 4.68 6.04 7.75 19.48 6.15
Di 85.90 72.27 87.41 76.19 94.73 92.32 91.66 78.22 92.86

Sample ZKB-7-1 ZKB-C-6 ZKB-C-4 ZKB-C-3 ZKE-7-7 ZKE-6-2 ZKE-6-4 ZKE-6-1 ZKE-6-5
SiO2 53.15 52.40 53.68 51.86 52.36 52.36 52.77 52.13 54.14
TiO2 0.01 0.02 0.01 0.01
Al2O3 0.57 0.05 0.09 0.04 0.26 0.04 0.34 0.25 0.08
Cr2O3 0.06 0.03 0.02 0.01
FeO 4.59 11.18 3.96 12.86 8.40 11.11 10.11 13.73 2.21
MnO 0.25 0.81 0.55 0.77 0.75 0.91 0.73 0.61 0.40
MgO 15.25 10.46 15.38 9.88 12.63 10.73 11.73 9.45 16.27
CaO 26.84 25.89 26.78 24.32 25.95 24.69 23.76 24.23 27.25
Na2O 0.02 0.05 0.05 0.07 0.32 0.05 0.46 0.15 0.10
NiO 0.00 0.03
K2O 0.00 0.04 0.01 0.01 0.02
P2O5 0.02 0.05 0.03 0.01 0.02 0.03 0.05
BaO 0.02 0.00
F
Cl 0.03 0.05 0.04 0.12 0.01 0.01 0.01 0.01
Total 100.73 100.93 100.56 100.03 100.70 99.92 99.96 100.66 100.52

Number of ions on the basis of 6 atoms of oxygen
Si 1.96 1.99 1.98 1.99 1.97 2.00 2.00 1.99 1.98
Al(IV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Al(VI) 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.09 0.04 0.07 0.03 0.12 0.01 0.04 0.02 0.07
Fe2+ 0.05 0.31 0.05 0.39 0.14 0.34 0.28 0.42 0.00
Mn 0.01 0.03 0.02 0.03 0.02 0.03 0.02 0.02 0.01
Mg 0.84 0.59 0.84 0.57 0.71 0.61 0.66 0.54 0.89
Ca 1.06 1.05 1.06 1.00 1.04 1.01 0.96 0.99 1.07
Na 0.00 0.00 0.00 0.00 0.02 0.00 0.03 0.01 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn/Fe 0.06 0.07 0.14 0.06 0.09 0.08 0.07 0.05 0.18

Clinopyroxene components (mole fraction %)
Jo 0.74 2.54 1.68 2.62 2.44 3.04 2.73 2.11 1.19
Hd 11.99 34.91 10.70 39.31 19.90 34.65 26.23 42.54 6.86
Di 87.26 62.55 87.62 58.08 77.67 62.31 71.04 55.36 91.95

Jo—johannsenite, Hd—hedenbergite, Di—diopside.
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Table 2
EMPA data of garnet from the Kaladawan ore field.

Sample KC-1 KC-2 KC-3 KC-4 ZKB-C-1 ZKB-C-2 ZKB-C-2- ZKE-7-7 ZKB-C-2-- ZKE-6-7 ZKE-6-2- ZKB-C-5

Type Type 1 Type 1 Type 1 Type 1 Type 2 Type 2 Type 2 Type 2 Type 2 Type 2 Type 2 Type 2
SiO2 36.07 35.86 35.63 35.12 35.14 35.17 35.36 34.99 35.58 35.11 35.73 35.13
TiO2 0.02 0.01 0.01 0.01
Al2O3 2.99 2.85 1.93 0.52 0 0.14 0.64 0.9 0.22 0.87 1.66 0.71
Cr2O3 0.01 0.03 0 0.01 0.01 0.02
FeOT 24.81 25 25.71 27.27 28.48 28.2 27.26 26.64 27.74 26.64 26.21 27.16
MnO 0.3 0.33 0.21 0.2 0.1 0.22 0.18 0.44 0.18 0.28 0.32 0.2
MgO 0.05 0.08 0.08 0.11 0.09 0.05 0.04 0.03 0.02 0.15 0.13 0.12
CaO 35.46 35.45 35.35 35.11 35.11 35.03 35.13 35.42 35.49 35.44 35.82 34.92
Na2O 0.09 0.02 0.07 0.08 0.05 0.06 0.01 0.02 0.07 0
NiO 0.02 0.02
K2O 0.01 0 0 0.01 0.02 0.01
P2O5 0.04 0.07 0.01 0.06 0.03 0.03 0.05 0.04 0.04 0.03 0.01 0.04
Cl 0.01 0.01 0 0.01 0.01 0 0.01 0 0.01 0 0.01 0
Total 99.82 99.67 99.04 98.48 99 98.87 98.69 98.52 99.33 98.55 99.97 98.3

Number of ions on the basis of 12 atoms of oxygen
Si 2.95 2.94 2.95 2.94 2.93 2.94 2.95 2.93 2.95 2.93 2.93 2.94
Ti 0 0 0 0 0 0 0 0 0 0 0 0
Al 0.29 0.28 0.19 0.05 0 0.01 0.06 0.09 0.02 0.09 0.16 0.07
Cr 0 0 0 0 0 0 0 0 0 0 0 0
Fe3+ 1.7 1.71 1.78 1.91 1.99 1.97 1.9 1.86 1.93 1.86 1.8 1.9
Fe2+ 0 0 0 0 0 0 0 0 0 0 0 0
Mn 0.02 0.02 0.01 0.01 0.01 0.02 0.01 0.03 0.01 0.02 0.02 0.01
Mg 0.01 0.01 0.01 0.01 0.01 0.01 0 0 0 0.02 0.02 0.01
Ca 3.1 3.11 3.13 3.15 3.14 3.13 3.14 3.18 3.16 3.17 3.15 3.13

Garnet components (mole fraction %)
Ura 0 0.04 0.09 0.01 0 0 0 0 0.02 0 0.03 0.06
And 81.21 81.73 84.47 90.14 94.41 93.59 90.35 87.09 91.06 86.98 84.67 90.26
Pyr 0.21 0.29 0.32 0.42 0.34 0.21 0.15 0.13 0.09 0.58 0.48 0.46
Spe 0.66 0.72 0.47 0.45 0.23 0.48 0.41 0.97 0.4 0.61 0.7 0.44
Gro 17.93 17.21 14.65 8.99 5.02 5.71 9.09 11.82 8.43 11.83 14.12 8.78
Alm 0 0 0 0 0 0 0 0 0 0 0 0
Other 0 0 0 0 0 0 0 0 0 0 0 0

Sample ZKC-4-5 ZKC-4-3 ZKC-4-7 ZKC-4-2 ZKC-4-1 ZKB-7-6 ZKB-7-6- ZKB-7-7 KB-1 KB-2 KB-3 KB-4
Type Type 2 Type 2 Type 2 Type 2 Type 2 Type 2 Type 2 Type 2 Type 2 Type 2 Type 2 Type 2
SiO2 36.67 34.89 35.05 36.16 35.42 34.68 34.01 35.03 34.93 35.23 34.19 34.21
TiO2 0.01 0.06 0.18 0.2 0.04
Al2O3 8.41 0.08 0.94 5 0.94 0.8 1.06 1.22 2.19 2.03 0.89 0.96
Cr2O3 0.01 0.01 0.04 0.02 0.09 0.01
FeOT 19.11 27.99 27.17 22.43 26.98 27.42 27.21 26.84 25.63 26.45 26.69 26.47
MnO 0.48 0.23 0.24 0.41 0.27 0.5 0.51 0.7 0.45 0.38 0.5 0.44
MgO 0.05 0.2 0.17 0.03 0.14 0.04 0.04 0.01 0.07 0.09 0.02 0.03
CaO 36.1 35.01 35.18 35.97 35.37 35.23 35 34.76 35.36 35.44 34.94 34.87
Na2O 0.01 0.42 0.04 0.03 0.01 0.09 0.01 0.05 0.14 0.08 0.05 0.07
NiO
K2O 0.01 0.12 0.01 0.03 0.01 0.01 0.01
P2O5 0.03 0.06 0.04 0.05 0.05 0.04 0.04 0.05 0.05 0.03 0.04 0.03
Cl 0 0.01 0.01 0 0 0.01 0.01 0.01 0 0.01 0.01 0.01
Total 100.87 99.02 98.89 100.09 99.18 98.89 97.9 98.77 99.01 99.94 97.36 97.1

Number of ions on the basis of 12 atoms of oxygen
Si 2.91 2.93 2.92 2.93 2.94 2.9 2.87 2.92 2.9 2.9 2.9 2.91
Ti 0 0 0 0 0 0 0 0 0.01 0.01 0 0
Al 0.79 0.01 0.09 0.48 0.09 0.08 0.11 0.12 0.21 0.2 0.09 0.1
Cr 0 0 0 0 0 0 0 0.01 0 0 0 0
Fe3+ 1.27 1.96 1.89 1.52 1.87 1.92 1.92 1.87 1.78 1.82 1.89 1.88
Fe2+ 0 0 0 0 0 0 0 0 0 0 0 0
Mn 0.03 0.02 0.02 0.03 0.02 0.04 0.04 0.05 0.03 0.03 0.04 0.03
Mg 0.01 0.03 0.02 0 0.02 0.01 0.01 0 0.01 0.01 0 0
Ca 3.07 3.15 3.14 3.12 3.14 3.16 3.17 3.11 3.15 3.12 3.18 3.18

Garnet components (mole fraction %)
Ura 0.03 0.02 0.13 0 0 0.07 0 0.27 0 0.04 0 0
And 61.24 92.39 89.31 72.29 88.29 89.98 89.82 88.95 83.75 86.34 88.36 87.9
Pyr 0.17 0.78 0.67 0.11 0.54 0.16 0.16 0.03 0.29 0.35 0.06 0.11
Spe 1.03 0.51 0.54 0.89 0.59 1.11 1.13 1.57 0.99 0.83 1.12 0.98
Gro 37.53 6.29 9.35 26.7 10.58 8.67 8.88 9.18 14.97 12.43 10.45 11
Alm 0 0 0 0 0 0 0 0 0 0 0 0
Other 0 0 0 0 0 0 0 0 0 0 0 0

Ura—uvarovite, And—andradite, Pyr—pyrope, Spe—spessartine, Gro—grossularite, Alm—almandine.
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Table 3
EMPA data of amphibole from the Kaladawan ore field.

Sample ZKC-4-7 ZKC-4-2 ZKB-7-1 ZKB-10-1 ZKB-10-2- ZKE-7-1 ZKE-7-1- ZKE-7-3

SiO2 54.20 54.46 53.60 57.18 57.26 53.68 54.38 54.39
TiO2 0.04 0.03 0.02 0.02 0.03
Al2O3 0.54 0.74 0.86 0.02 0.05 0.75 1.93 2.27
Cr2O3 0.02 0.03 0.02 0.01
FeO 11.95 12.59 10.70 2.32 2.11 4.29 10.95 11.01
MnO 0.41 0.36 0.45 0.40 0.50 0.27 0.56 0.48
MgO 15.64 15.48 16.25 22.73 22.73 15.96 17.16 16.68
CaO 13.51 13.62 13.87 14.16 13.79 25.58 13.72 13.79
Na2O 0.15 0.16 0.19 0.09 0.15 0.14 0.43 0.52
NiO
K2O 0.04 0.04 0.06 0.03 0.04 0.03 0.13 0.20
P2O5 0.03 0.07 0.02 0.02
BaO 0.03
F
Cl 0.09 0.12 0.14 0.07 0.07 0.04 0.01 0.06
Total 96.53 97.56 96.16 97.06 96.74 100.87 99.29 99.43

Number of ions on the basis of 23 atoms of oxygen
Si 7.36 7.49 7.24 7.49 7.46 7.67 7.58 7.60
AlIV 0.09 0.12 0.14 0.00 0.01 0.13 0.32 0.37
AlVI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.51 0.35 0.44
Fe2+ 1.36 1.45 1.21 0.25 0.23 0.00 0.93 0.85
Mn 0.05 0.04 0.05 0.04 0.06 0.03 0.07 0.06
Mg 3.17 3.17 3.27 4.44 4.41 3.40 3.57 3.47
Ca 1.97 2.01 2.01 1.99 1.92 3.91 2.05 2.06
Na 0.04 0.04 0.05 0.02 0.04 0.04 0.12 0.14
K 0.01 0.01 0.01 0.00 0.01 0.01 0.02 0.04
Sum 14.03 14.34 13.98 14.24 14.13 15.70 15.00 15.03
OH− 3.15 2.24 3.46 2.56 2.83 −0.83 0.66 0.53
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SiT 7.36 7.49 7.24 7.49 7.46 7.67 7.58 7.60
AlT 0.09 0.12 0.14 0.00 0.01 0.13 0.32 0.37
AlC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+C 0.00 0.00 0.00 0.00 0.00 0.51 0.35 0.44
TiC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgC 3.17 3.17 3.27 4.44 4.41 3.40 3.57 3.47
Fe2+C 1.36 1.45 1.21 0.25 0.23 0.00 0.93 0.85
MnC 0.05 0.04 0.05 0.04 0.06 0.03 0.07 0.06
Fe2+B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaB 1.97 2.00 2.00 1.99 1.92 2.00 2.00 2.00
NaB 0.03 0.00 0.00 0.01 0.04 0.00 0.00 0.00
CaA 0.00 0.01 0.01 0.00 0.00 1.91 0.05 0.06
NaA 0.01 0.04 0.05 0.01 0.04 0.04 0.12 0.14
KA 0.01 0.01 0.01 0.00 0.01 0.01 0.02 0.04

Sample ZKE-7-2 ZKE-6-2 ZKE-6-1 ZKE-6-5 KB-1-1 KB-1-2- ZKB-2-1 ZKB-2-2
SiO2 54.72 54.88 54.68 54.88 59.06 58.30 53.87 55.12
TiO2 0.02 0.01 0.00 0.01 0.01 0.05 0.02
Al2O3 1.56 0.51 0.96 1.32 0.02 0.05 3.84 1.61
Cr2O3 0.03 0.00 0.00 0.05 0.01
FeO 10.08 12.90 12.67 11.90 1.66 2.37 9.55 9.71
MnO 0.51 0.47 0.45 0.40 0.33 0.66 0.24 0.28
MgO 17.26 15.76 15.73 16.11 23.78 23.02 16.97 17.72
CaO 13.71 13.74 13.75 13.91 14.17 13.83 13.49 13.85
Na2O 0.38 0.18 0.22 0.24 0.04 0.03 0.51 0.09
NiO 0.02 0.00 0.04 0.01 0.01
K2O 0.09 0.08 0.08 0.09 0.02 0.03 0.21 0.04
P2O5 0.01 0.02 0.02 0.01 0.02 0.01
BaO 0.03 0.03 0.02
F
Cl 0.01 0.01 0.01 0.01 0.00 0.04 0.01
Total 98.36 98.59 98.65 98.85 99.11 98.30 98.83 98.48

Number of ions on the basis of 23 atoms of oxygen
Si 7.52 7.65 7.62 7.63 7.83 7.70 7.42 7.55
AlIV 0.25 0.08 0.16 0.22 0.00 0.01 0.58 0.26
AlVI 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Fe3+ 0.00 0.00 0.04 0.16 0.18 0.00 0.11 0.00
Fe2+ 1.16 1.50 1.44 1.22 0.00 0.26 0.99 1.11
Mn 0.06 0.06 0.05 0.05 0.04 0.07 0.03 0.03
Mg 3.53 3.28 3.27 3.34 4.70 4.53 3.48 3.62
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Table 3 (continued)

Sample ZKC-4-7 ZKC-4-2 ZKB-7-1 ZKB-10-1 ZKB-10-2- ZKE-7-1 ZKE-7-1- ZKE-7-3

Ca 2.02 2.05 2.05 2.07 2.01 1.96 1.99 2.03
Na 0.10 0.05 0.06 0.06 0.01 0.01 0.14 0.02
K 0.02 0.01 0.01 0.02 0.00 0.01 0.04 0.01
Sum 14.66 14.68 14.71 14.77 14.78 14.55 14.82 14.64
OH− 1.50 1.31 1.26 1.07 0.78 1.50 1.07 1.39
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SiT 7.52 7.65 7.62 7.63 7.83 7.70 7.42 7.55
AlT 0.25 0.08 0.16 0.22 0.00 0.01 0.58 0.26
AlC 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00
Fe3+C 0.00 0.00 0.04 0.16 0.18 0.00 0.11 0.00
TiC 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
MgC 3.53 3.28 3.27 3.34 4.70 4.53 3.48 3.62
Fe2+C 1.16 1.50 1.44 1.22 0.00 0.26 0.99 1.11
MnC 0.06 0.06 0.05 0.05 0.04 0.07 0.03 0.03
Fe2+B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CaB 2.00 2.00 2.00 2.00 2.00 1.96 1.99 2.00
NaB 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00
CaA 0.02 0.05 0.05 0.07 0.01 0.00 0.00 0.03
NaA 0.10 0.05 0.06 0.06 0.01 0.01 0.13 0.02
KA 0.02 0.01 0.01 0.02 0.00 0.01 0.04 0.01
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found crosscutting earlier skarn and amphibole veins (Fig. 3C).
Magnetite mainly occurs as: (1) Euhedral to subhedral (0.1–
3mm) grains intergrownwith zoisites (Fig. 3D); (2) Disseminat-
ed or massive aggregates coexisted with fine-grained green epi-
dotes.

IV). Quartz–sulfides: Ore veins contain mainly molybdenite +
quartz + calcite and minor pyrite + chalcopyrite +
pyrrhotite + sphalerite + galena. Molybdenite grains appear
Table 4
EMPA data of epidote from the Kaladawan ore field.

Sample ZKC-4-6 ZKB-7-1 ZKB-7-1-

SiO2 36.79 37.05 37.18
TiO2 0.11
Al2O3 21.80 22.77 22.68
Cr2O3 0.00 0.03
FeO 14.08 12.03 12.99
MnO 0.17 0.28 0.36
MgO 0.02 0.01 0.02
CaO 24.55 24.29 24.17
Na2O 0.08 0.03 0.13
NiO
K2O 0.01 0.02 0.04
P2O5 0.03 0.02 0.05
BaO
F
Cl 0.01 0.02 0.01
Total 97.53 96.63 97.65

Number of ions on the basis of 13 atoms of oxygen
K 0.00 0.00 0.00
Ti 0.00 0.01 0.00
Na 0.01 0.00 0.02
W 0.00 0.00 0.00
Ca 2.10 2.09 2.06
Al 2.05 2.15 2.13
Sn 0.00 0.00 0.00
Fe3+ 0.94 0.81 0.86
Si 2.94 2.97 2.96
P 0.00 0.00 0.00
Mn 0.01 0.02 0.02
Mg 0.00 0.00 0.00
Mo 0.00 0.00 0.00
Total 8.07 8.05 8.06

Epidote components (mole fraction %)
Piedmontite 0.01 0.02 0.02
Epidote 0.94 0.81 0.86
Clinozoisite 0.05 0.17 0.12
either as disseminated bladed crystals in skarns, or as flake ag-
gregates in quartz–calcite stockworks crosscutting the skarns
(Fig. 3F). Tremolite and epidote were generally replaced by py-
rite, sphalerite and chalcopyrite (Fig. 3G). Local pyrite occurs as
idiomorphic and isolated crystals interstitial to garnet, pyroxene,
amphibole and epidote.

V). Calcite–chlorite: Quartz and/or calcite veins and calcite–chlorite
veins were extensively developed. Quartz veins commonly
ZKE-7-1 ZKE-7-1- ZKB-2-2 ZKB-2-3

37.80 37.59 38.58 38.67
0.04 0.12 0.08 0.05
22.61 22.86 28.32 28.42
0.03 0.00 0.05 0.01
13.40 12.84 6.00 5.42
0.26 0.23 0.07 0.07

0.02 0.05 0.04
24.65 25.03 25.50 25.50
0.05 0.03 0.02 0.07
0.03 0.03

0.02 0.04
0.05 0.00 0.04 0.04

0.03

0.00 0.00 0.01 0.01
98.91 98.76 98.73 98.35

0.00 0.00 0.00 0.00
0.00 0.01 0.00 0.00
0.01 0.00 0.00 0.01
0.00 0.00 0.00 0.00
2.07 2.11 2.10 2.11
2.09 2.12 2.57 2.58
0.00 0.00 0.00 0.00
0.88 0.84 0.39 0.35
2.97 2.96 2.97 2.98
0.00 0.00 0.00 0.00
0.02 0.02 0.00 0.00
0.00 0.00 0.01 0.00
0.00 0.00 0.00 0.00
8.04 8.06 8.05 8.05

0.02 0.02 0.00 0.00
0.88 0.85 0.39 0.36
0.10 0.13 0.60 0.64
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crosscut epidote (Fig. 3H). Many calcite–chlorite veins
were found in the volcanic rocks distal to the granite intrusion
(Fig. 3I).

Detailed alteration and mineralization paragenesis at Kaladawan
was shown in Fig. 4.
KB-1 KB-2 KB-3 KB-4

SiO2 Al2O3 FeOT CaO Gro

KC-1 KC-2 KC-3 KC-4

SiO2 Al2O3 FeOT CaO Gro

granite–volcanic rocks contact. (B) Garnet from the granite–marble contact.

Image of Fig. 5
Image of Fig. 6
Image of Fig. 7


Table 5
LA-ICP-MS results for trace elements in magnetite from the Kaladawan ore field.

Sample MgO Al2O3 SiO2 P2O5 CaO Sc TiO2 V Cr MnO Co Ni Cu Zn Ga

wt% wt% wt% wt% wt% ppm wt% ppm ppm wt% ppm ppm ppm ppm ppm

ZKB-7 0.00936 0.02446 0.07321 0.00784 0.02809 0.34543 0.00849 113.25339 b2.20053 0.09529 28.02322 12.24880 b1.088 40.05985 3.39043
ZKB-7 0.02032 0.03231 0.07570 0.00369 0.02162 0.10299 0.00937 94.05746 3.74079 0.10678 29.30482 13.21635 0.47349 42.04840 4.29008
ZKB-7 0.02723 0.02497 0.09642 0.00371 0.03923 0.08564 0.01673 177.38891 552.52344 0.07669 25.08815 21.79608 0.38420 28.55114 3.23829
ZKB-7 0.06664 0.03262 0.26753 0.00328 0.07472 0.14364 0.03081 147.96579 72.82243 0.08544 22.96771 18.48521 0.30871 22.37697 2.91815
ZKB-7 0.08393 0.04740 0.19408 0.00411 0.01864 0.15802 0.00977 108.63996 0.84127 0.10270 29.98381 14.92297 0.36377 44.74208 4.44462
ZKB-7 0.01800 0.02611 0.06626 0.00375 0.24604 0.12225 0.00981 132.76632 9.45293 0.10494 28.29583 17.14782 6.53638 57.98936 4.18967
ZKB-7 0.13178 0.06635 0.30977 0.00246 0.04743 0.55810 0.06418 132.03496 74.54446 0.10652 27.96130 17.24217 3.32711 56.63557 4.43180
ZKB-7 0.00826 0.02423 0.03812 0.00447 0.02212 0.12036 0.00815 131.91887 8.50084 0.10222 26.60076 18.88480 0.30947 52.13710 4.57209
ZKB-7
aver

0.04569 0.03481 0.14014 0.00328 0.10185 0.25470 0.01966 129.75321 120.26415 0.09757 27.27820 16.74302 4.93175 43.06756 3.93439

ZKB-10 1.10512 0.44254 1.15382 0.00911 0.13356 0.36417 0.04682 30.84206 32.38286 0.32307 0.21824 2.27016 0.76013 60.34114 2.15988
ZKB-10 0.53966 0.17281 0.53322 0.00276 0.02259 0.39550 0.04534 30.23216 32.24791 0.31539 0.24523 1.99403 2.64746 86.27385 1.57034
ZKB-10 1.95029 0.82791 1.73119 0.00316 0.05152 0.51034 0.04300 31.30779 28.21829 0.28680 0.12069 1.95500 0.38556 43.61094 2.14017
ZKB-10 0.29171 0.05861 0.37651 0.00252 0.22108 0.18713 0.06700 30.60159 863.22042 0.32987 0.27897 4.66677 1.73919 89.56753 1.75080
ZKB-10 4.37914 1.89062 3.91654 0.00436 0.02067 0.88064 0.08680 29.94519 165.03089 0.28033 0.21359 6.68878 3.39739 64.48950 3.09814
ZKB-10 0.52562 0.14795 0.46305 0.00414 0.03712 0.42825 0.06424 30.00430 3.79344 0.36602 0.15339 1.85049 0.31601 84.37494 1.51382
ZKB-10 1.41653 0.34136 1.50665 0.00329 0.05795 0.45546 0.03770 32.52777 15.13227 0.26736 0.23466 5.85087 11.74879 38.90662 1.66790
ZKB-10 0.48612 0.14692 0.41149 0.00298 0.02146 0.24398 0.08446 28.14029 2.22714 0.38957 0.29766 2.19825 0.60820 111.97909 1.56529
ZKB-10 0.54759 0.15189 0.52730 0.00355 0.02024 0.16311 0.04540 27.06150 4.79061 0.32359 0.18217 7.87246 1.07186 126.97660 2.10839
ZKB-10 1.57915 0.60628 1.58630 0.00507 0.03042 0.40449 0.04053 31.63931 90.64937 0.29574 0.23529 4.39682 11.24409 232.34607 1.80817
ZKB-10 0.96938 0.18266 0.98580 0.00787 0.03518 0.35662 0.04578 30.36626 27.27406 0.29004 0.22421 5.58912 0.85472 29.09164 1.82514
ZKB-10
aver

1.25366 0.45178 1.19926 0.00591 0.08712 0.49126 0.05519 30.24257 114.99702 0.31525 0.21796 4.12116 5.30813 87.99617 1.92800

ZKB-11 0.22478 0.03471 0.16236 0.00296 0.02166 0.27395 0.04802 24.56206 b1.3601 0.37996 15.68467 2.18896 0.30775 103.56101 1.44216
ZKB-11 0.27225 0.05523 0.20591 0.00370 0.01494 0.30382 0.04958 24.01464 b1.41723 0.33704 10.02226 2.34863 0.31185 111.45030 1.22548
ZKB-11 0.43448 0.15790 0.30430 0.00231 0.01564 0.28536 0.04365 22.26102 10.42806 0.31156 15.13191 2.47239 2.50896 118.22545 1.38366
ZKB-11 1.32303 0.54058 1.26130 0.00900 0.01880 0.33920 0.03598 23.67910 19.00168 0.24754 14.37932 2.45906 1.45418 83.89711 1.77851
ZKB-11 1.91048 0.85605 1.59940 0.00378 0.08729 0.46266 0.04346 23.91151 51.88491 0.33266 12.07859 1.94779 10.85511 122.29726 2.22936
ZKB-11 0.19581 0.02702 0.12206 0.00370 0.01754 0.19022 0.03884 24.06616 b1.90507 0.32584 10.24500 2.38779 0.50397 88.10697 1.87503
ZKB-11 0.13142 0.01550 0.10760 0.00386 0.01953 0.19152 0.04188 23.85059 b1.28404 0.31425 10.39315 2.02872 0.38455 62.56887 1.40878
ZKB-11 0.11198 0.01308 0.09243 0.00312 0.02565 0.16227 0.03765 23.27440 11.98654 0.29999 13.22358 1.65630 0.55875 73.96993 1.20784
ZKB-11 0.27633 0.03835 0.21911 0.00391 0.03040 0.31490 0.07083 24.39028 b1.21888 0.35488 1.89904 2.02580 0.42063 108.80966 1.64004
ZKB-11
aver

0.54229 0.19316 0.45272 0.00489 0.04258 0.28043 0.04554 23.77886 23.32530 0.32264 11.45084 2.16838 4.93942 96.98739 1.57676

Sample Ge As Rb Sr Y Zr Nb Mo Ba La Ce Pr Nd Sm Eu
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

ZKB-7 4.76052 0.81465 0.10790 0.03932 0.08851 0.08835 0.05677 2.25289 0.39701 0.03366 0.07069 0.03859 0.15533 0.04812 0.05034
ZKB-7 b1.86647 1.08300 0.06594 0.00000 0.00000 0.15399 0.04633 0.48274 0.55116 0.02217 0.02043 0.00000 0.12791 0.00000 0.04128
ZKB-7 2.06856 0.82627 0.06775 0.15381 0.03719 0.09251 0.25584 0.16623 0.26181 0.05985 0.10762 0.02192 0.00000 0.10747 0.03896
ZKB-7 2.34966 0.99711 0.07213 0.36965 0.44968 0.35391 0.69956 2.36119 0.49436 0.14159 0.38462 0.05262 0.09972 0.13603 0.03422
ZKB-7 2.08982 0.41274 0.06565 0.91076 0.04905 3.89576 0.00000 3.88549 0.41696 0.34719 0.26228 0.01820 0.05011 0.08471 0.03073
ZKB-7 2.46401 0.90508 0.21494 1.61647 0.01353 1.44007 0.02959 16.40996 0.65749 0.02853 0.02457 0.01513 0.15250 0.10288 0.02689
ZKB-7 b1.61973 0.26099 0.21254 0.84783 2.47576 58.78016 3.22862 12.91466 1.48526 0.20078 0.45606 0.14453 0.22386 0.08757 0.05614
ZKB-7 b1.42265 0.23492 0.07264 0.08365 0.05698 9.34577 0.06534 11.10711 0.15935 0.03004 0.04082 0.00849 0.04835 0.02565 0.02600
ZKB-7
aver

2.74652 0.95287 0.16654 0.57450 0.51370 14.76313 1.39467 6.19753 0.72105 0.13360 0.22035 0.05596 0.10551 0.03688 0.03422

ZKB-10 1.45789 2.90728 1.67098 0.39191 1.47158 2.93237 1.01223 15.26185 4.17645 0.76472 1.91687 0.20418 0.98754 0.17852 0.05556
ZKB-10 1.13165 1.82006 0.10263 0.31020 1.47215 0.11603 0.82474 30.40910 2.85213 0.95311 2.49383 0.36385 1.21648 0.16640 0.02617
ZKB-10 1.03435 1.68314 1.16246 0.82936 0.92394 0.17663 0.52051 4.06876 13.79940 0.33593 0.92941 0.23801 0.40089 0.19472 0.04057
ZKB-10 0.62983 3.12809 3.03119 1.58310 1.01171 0.46775 0.94808 0.97758 17.11457 0.61058 1.38673 0.23222 0.77161 0.27204 0.03611
ZKB-10 1.59975 0.84862 0.18905 0.22735 4.94641 0.18025 2.02176 0.27998 0.60947 1.23642 3.74377 0.51291 2.07068 0.53853 0.03335
ZKB-10 1.57801 2.04270 0.09942 0.03362 1.96161 0.22323 1.05715 16.97780 0.21781 0.90424 2.04175 0.28564 1.06412 0.41040 0.05913
ZKB-10 1.94790 2.54402 0.49506 0.84880 1.64365 0.15256 0.57798 0.17836 1.82914 0.50388 1.78909 0.27092 0.97661 0.17972 0.02549
ZKB-10 3.56835 2.55941 0.09058 0.07981 1.18631 0.16360 0.73463 17.53004 0.25600 0.45215 1.21093 0.12943 0.64401 0.14527 0.04033
ZKB-10 3.21489 4.06861 0.10503 0.04484 1.84470 0.10169 0.76938 14.28744 0.35320 1.12902 2.17092 0.30051 0.89572 0.18691 0.03329
ZKB-10 2.43418 4.44056 0.22263 0.25002 2.28526 0.28622 1.11857 5.94857 9.29467 2.14974 5.02067 0.69221 2.19475 0.37431 0.02224
ZKB-10 3.44304 3.57223 0.15901 0.14651 1.47584 0.28636 0.58666 2.99569 0.46160 1.33050 3.42254 0.44227 2.02228 0.22222 0.06036
ZKB-10
aver

2.14100 2.69225 0.87238 0.51343 1.83847 0.58817 0.92470 10.87368 4.63313 0.94275 2.37514 0.33383 1.20406 0.27560 0.02224

ZKB-11 1.29032 0.93022 0.03880 0.05913 0.80547 0.10263 0.33456 0.52884 0.04246 0.03329 0.16222 0.03056 0.07730 0.09173 0.04073
ZKB-11 1.07062 1.23766 0.07011 0.01321 0.83897 0.15548 0.45804 0.74395 0.16913 0.03056 0.06196 0.01104 0.06558 0.15634 0.02163
ZKB-11 1.67980 1.94407 0.07386 0.17033 1.14426 0.57278 0.66976 14.58998 0.37233 0.91208 2.54113 0.40923 1.23597 0.27748 0.01648
ZKB-11 1.90001 3.41637 0.12518 0.32072 0.85242 0.35648 0.58101 7.22066 0.50467 0.26093 0.85937 0.11918 0.46673 0.13040 0.02302
ZKB-11 1.51049 7.51870 1.15277 1.04354 0.95567 0.20134 0.37595 15.73222 3.71559 0.60326 1.73201 0.18967 0.61318 0.12892 0.02685
ZKB-11 2.85275 1.11216 0.05016 0.03755 0.44098 0.10248 0.15519 4.67028 0.21803 0.12367 0.36136 0.04913 0.22118 0.14121 0.03845
ZKB-11 2.57751 0.72630 0.05625 0.03791 0.57273 0.08517 0.33721 0.28968 0.13458 0.02193 0.22746 0.01710 0.10279 0.15923 0.02332
ZKB-11 b1.82568 2.36309 0.85643 0.38613 0.22102 0.15912 0.12899 1.64884 2.24634 0.08566 0.23405 0.03011 0.12269 0.14169 0.03718
ZKB-11 2.04522 0.51920 0.08871 0.03709 0.62083 0.09706 0.40483 1.51849 0.15656 0.02590 0.01849 0.01529 0.08881 0.10158 0.02615
ZKB-11
aver

1.86584 2.40607 0.55206 0.33218 0.71693 0.32152 0.38284 5.21588 1.37628 0.29278 0.77244 0.11792 0.63426 0.20394 0.02302

(continued on next page)
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Table 5 (continued)

Sample MgO Al2O3 SiO2 P2O5 CaO Sc TiO2 V Cr MnO Co Ni Cu Zn Ga

wt% wt% wt% wt% wt% ppm wt% ppm ppm wt% ppm ppm ppm ppm ppm

Sample Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Re Au Pb Th U
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

ZKB-7 0.30492 0.04718 0.10387 0.00703 0.08402 0.02472 0.11874 0.05226 0.12123 0.02973 0.00598 0.26304 0.09420 0.06370 0.02889
ZKB-7 0.23881 0.02168 0.08524 0.02604 0.02739 0.02583 0.00000 0.00000 0.00000 0.05587 0.00262 0.06253 0.05663 0.01909 0.01690
ZKB-7 0.09519 0.01496 0.05924 0.00000 0.04653 0.01380 0.06686 0.00830 0.06854 0.06186 0.00247 0.14339 0.29507 0.05116 0.03235
ZKB-7 0.07047 0.01371 0.14147 0.01888 0.05110 0.01746 0.06131 0.01596 0.04642 0.08103 0.00492 0.09533 1.42012 0.05028 0.03267
ZKB-7 0.10561 0.01582 0.04610 0.01156 0.03516 0.01499 0.05137 0.02458 0.26731 0.01279 0.00312 0.10844 0.28586 0.01932 1.47794
ZKB-7 0.12674 0.01376 0.05565 0.01891 0.04181 0.00771 0.08438 0.01653 0.20582 0.01545 0.00228 0.05427 3.62945 0.02378 0.01555
ZKB-7 0.20299 0.02172 0.21504 0.07671 0.54179 0.15963 1.36492 0.23411 1.95886 0.22251 0.00290 0.14322 3.62055 0.04689 0.32222
ZKB-7 0.10239 0.02616 0.09673 0.01437 0.04285 0.01379 0.07209 0.03562 0.79734 0.02150 0.00190 0.15524 0.05471 0.01942 0.02435
ZKB-7
aver

0.08283 #DIV/0! 0.15108 0.04187 0.20676 0.06402 0.71850 0.07565 0.80733 0.09020 0.00190 0.05840 1.85021 0.04032 0.60968

ZKB-10 0.23793 0.02859 0.30027 0.03019 0.12529 0.03389 0.29575 0.03045 0.13344 0.02598 0.00418 0.32688 28.45937 0.14929 0.21384
ZKB-10 0.36873 0.02984 0.18504 0.05861 0.30733 0.03790 0.26570 0.05506 0.06498 0.01615 0.00305 0.24574 4.04271 0.20942 0.43017
ZKB-10 0.09544 0.01836 0.24469 0.03094 0.14241 0.01469 0.11088 0.02542 0.06178 0.03250 0.00079 0.19763 8.61396 0.06918 0.14880
ZKB-10 0.24949 0.02666 0.15703 0.02915 0.08178 0.02051 0.26037 0.04084 0.13747 0.11082 0.00308 0.12715 16.59205 0.02103 0.05687
ZKB-10 0.58545 0.04544 0.58297 0.14246 0.59416 0.11322 0.68470 0.14458 0.00000 0.05250 0.00311 0.14618 2.17769 0.33318 0.43595
ZKB-10 0.25904 0.03364 0.27675 0.05546 0.20755 0.04303 0.48334 0.03920 0.05731 0.04377 0.00408 0.19314 0.44276 0.03441 0.41298
ZKB-10 0.13680 0.05191 0.24490 0.05330 0.14068 0.03513 0.36635 0.04732 0.06938 0.01389 0.00275 0.17536 4.97406 0.15186 0.30779
ZKB-10 0.24021 0.01577 0.14453 0.05094 0.17463 0.04126 0.19947 0.03778 0.10660 0.05125 0.00311 0.04770 0.35407 0.04003 0.25043
ZKB-10 0.18539 0.01797 0.33226 0.03685 0.33979 0.04204 0.22160 0.02677 0.00000 0.05182 0.00406 0.38037 1.89256 0.03549 0.40106
ZKB-10 0.31223 0.04685 0.24354 0.02548 0.38380 0.04315 0.46148 0.07133 0.06018 0.04112 0.00212 0.17978 7.04124 0.52286 0.39228
ZKB-10 0.21517 0.05185 0.08088 0.08691 0.15474 0.02652 0.19338 0.06420 0.06553 0.02278 0.00491 0.26950 3.65391 0.27719 0.28027
ZKB-10
aver

0.28361 0.03356 0.25390 0.06010 0.24111 0.04103 0.33496 0.06608 0.09342 0.05505 0.00330 0.09694 7.11313 0.21913 0.30277

ZKB-11 0.17375 0.02073 0.10692 0.03064 0.13029 0.03620 0.26159 0.03059 0.13652 0.02840 0.00141 0.60576 0.07600 0.02929 0.24823
ZKB-11 0.10451 0.03399 0.14719 0.01678 0.10702 0.01747 0.10849 0.03274 0.03595 0.02775 0.00259 0.81690 0.06447 0.03767 0.29591
ZKB-11 0.12664 0.04447 0.14461 0.03481 0.15889 0.03451 0.12790 0.01956 0.05800 0.01650 0.00165 0.54424 2.27624 0.12642 0.31176
ZKB-11 0.11223 0.01921 0.09108 0.01652 0.12491 0.01343 0.12710 0.01108 0.05606 0.00987 0.00164 0.50433 4.26785 0.05073 0.11550
ZKB-11 0.11059 0.02635 0.11369 0.02893 0.06042 0.02573 0.05676 0.01734 0.04247 0.01380 0.00140 b1.09143 14.25438 0.04786 0.26221
ZKB-11 0.17358 0.01509 0.06713 0.04163 0.05934 0.01705 0.12246 0.01984 0.04640 0.02138 0.00246 b1.02795 0.94847 0.02417 0.12750
ZKB-11 0.13672 0.01755 0.14276 0.02407 0.04949 0.01564 0.17729 0.03662 0.03932 0.01722 0.00210 0.44352 0.07975 0.01440 0.14172
ZKB-11 0.20456 0.01674 0.07964 0.01478 0.08344 0.03107 0.12162 0.00838 0.03872 0.02612 0.00169 0.34410 2.89282 0.01700 0.05656
ZKB-11 0.18545 0.03244 0.12807 0.05915 0.13765 0.02234 0.17854 0.02222 0.06299 0.06421 0.00206 0.53914 0.10524 0.03832 0.28492
ZKB-11
aver

0.10837 0.02815 0.11417 0.03013 0.11451 0.02208 0.15762 0.02027 0.08762 0.04072 0.00169 0.34410 4.92795 0.06229 0.20492
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5. Sampling and analytical methods

Samples were collected from the skarn (in both outcrops and drill
cores) at the 7918- and 7910 deposits (Fig. 2). The skarn-altered volca-
nic rock samples KD and KC in the outcrops, and seven skarn samples
were collected for electron microprobe analysis (EMPA) (Fig. 2). The
ore samples ZKB-7, ZKB-8 and ZKB-10 were collected for magnetite
trace element analysis (Fig. 2).

Major oxide content analysis of garnet, pyroxene, amphibole, epi-
dote andmagnetitewas performedwith an EPMA-1600 electronmicro-
probe at the State Key Laboratory of Isotope Geochemistry of the
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences
(GIGCAS). Operation conditions included: Acceleration voltage of
15 kV, beam current of 18 nA and beam diameter of 1 μm. Vanadium
concentration was corrected by analyzing V-free and Ti-bearing
standards of rutile and native Ti because of the overlap between Ti Κβ
and V Κα peaks (Carmichael, 1966). Precision of major and trace ele-
ments was better than 2% and 5%, respectively. Matrix corrections
were performed by the ZAF procedures (Jurek and Hulínský, 1980).
The molecular formula of amphibole is calculated with GeoKit-2013
(Lu, 2004).

Magnetite trace elemen analysis was performed at the State Key
Laboratory of Isotope Geochemistry (GIGCAS) with a pulsed Resonetic
193 nm Laser Ablation (LA) system coupled with an Agilent 7500a
ICP-MS. Helium was used as a carrier gas, and argon was used as the
makeup gas andmixedwith the carrier gas via a T–connector before en-
tering the ICP. Each analysis incorporates a background acquisition of
about 20 s (gas blank), followed by 40 s data acquisition for the sample.
Analytical spots (23 μm) were ablated by 160 successive laser pulses
(4 Hz). Element contents were calibrated against multiple reference
materials (KL2-G and ML3B-G) using 57Fe as the internal standard (Liu
et al., 2008). KL2-G was analyzed for every five samples to correct the
time-dependent drift of sensitivity andmass discrimination. Off-line se-
lection and integration of background and analytical signals, time drift
correction and quantitative calibration were performed by ICPMS Data
Cal8.3 (Liu et al., 2008). Detailed operating conditions for the LA system
and the ICP-MS instrument and data reductionwere similar to those de-
scribed by Liu et al. (2008).

6. Results

6.1. Skarn mineralogy

Compositions of the Kaladawan pyroxene, garnet, amphibole and
epidote were listed in Tables 1, 2, 3 and 4, respectively. The pyroxene
has variable FeOT and MgO contents ranging 1.22–13.73 wt.% and
9.45–17.21 wt.%. Pyroxene is dominated by diopside (55.4–94.7 mol%)
and hedenbergite (42.5–4.7 mol%) (Fig. 5A, Table 1). The two types of
garnet (Type 1 and Type 2) did not exhibit distinct chemical differences
(Fig. 5B, Table 2), with themajor element contents being SiO2= 34.01–
36.67 wt.%, Al2O3 = 0–8.41 wt.%, FeOT = 19.11–28.48 wt.% and CaO=
34.76–36.10 wt.%. The garnet is dominated by andradite (61.2–
94.4 mol%), followed by grossularite (37.5–5.0 mol%). Discernible com-
positional change from core to rim is absent (Fig. 6A, B). The amphibole
contains SiO2, CaO, MgO, FeOT and Al2O3 contents of 53.60–59.06 wt.%,
13.49–25.58 wt.%, 15.48–23.78 wt.%, 1.66–12.90 wt.% and 0.02–
3.84 wt.%, respectively (Table 3). All the amphibole is calcic and domi-
nated by tremolite and actinolite (Fig. 7).

The Kaladawan epidote contains SiO2 = 36.79–38.67 wt.%, Al2O3 =
21.80–28.42 wt.%, FeOT = 5.42–14.08 wt.%, MgO = 0.01–0.05 wt.%,
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CaO = 24.17–25.50 wt.%, and Al2O3 = 0.03–0.52 wt.%, respectively
(Table 4). The epidote group minerals include mainly epidote with
minor zoisite.
6.2. Magnetite trace element geochemistry

The Kaladawan magnetite contains relatively hign Mg (Table 5),
whereas Ca, Si, Al are lower than those of in typical Fe skarn magnetite
(Dare et al., 2014). The magnetite has variable Cr contents (from below
detection limits to N800 ppm). The Mo, Ba, Pb and Zr contents range
from b1 ppm to N10 ppm. Trace elements, such as Sc, Rb, Sr, Nb, Ta,
Hf, REEs, Th and U concentrations, are generally below 1 ppm.

7. Discussion

7.1. Skarn formation

Skarns are rocks dominated by Ca-silicate minerals (e.g., garnet and
diopside), and extensively developed in both skarn- and SVIO-type Fe
deposits. Different genetic models were proposed for the skarn in
these two deposit types. Skarn in typical skarn Fe deposits is generally
regarded to be formed by contact metamorphic/metasomatic processes
involving magmatic and/or meteroic fluids (Chen et al., 2007; Deng et
al., 2017; Meinert et al., 2005; Pirajno, 2009; Yang et al., 2013), whereas
that in SVIO-type Fe deposits may have formed by the reaction between
submarine-volcanism-related hydrothermal fluids and seafloor rocks,
as proposed by the syngenetic volcanic exhalation–sedimentation
model (Hou et al., 2014b; Jiang and Wang, 2005). The composition of
skarn minerals could reflect the physical and chemical conditions
under which they formed, thus, could be used to constrain the genesis
of the skarn. For the case of the Kaladawan Fe–Mo ore field, we suggest
that a skarn-type origin is more appropriate because:

(1) Skarn is subdivided into calcic-, magnesian- and manganoan
skarns (Einaudi et al., 1981; Korzhinskiy, 1964; Meinert et al., 2005;
Zhao et al., 2003). The Ca-bearing silicate mineral assemblages (grossu-
lar–andradite series, diopside–hedenbergite series, tremolite–actinolite
series and epidote) and marble host rocks indicate that the Kaladawan
skarn is calcic, resembling many skarn-type Fe deposits (Meinert et al.,
2005). (2) The Kaladawan skarn mineral chemistry resembles those of
typical skarn Fe deposits: (i) The Kaladawan pyroxene contains more
diopside (55.5–94.7 mol%) than hedenbergite (Hd: 42.6–4.7 mol%),
similar to typical skarn-type Fe and Mo deposits worldwide (Fig. 5A).
(ii) Garnet from typical skarn-type Fe deposits is generally dominated
by andradite with minor grossular (Einaudi et al., 1981; Meinert et al.,
2005), whereas that garnet from typical volcanic exhalative sedimenta-
tion deposits (including SVIO-type deposits) is featured byMn- and Fe-
rich spessartine and almandine due to Fe–Mn enrichment on the sea-
floor (Burton et al., 1999; Hou et al., 2014b). The Kaladawan garnet is
dominated by andradite (Adr: 61.2–94.4 mol%) and grossularite (Grs:
37.5–5.0mol%), similar to typical skarn-type Fe andMo deposits world-
wide (Fig. 5B). (iii) EMPA results indicate that themagnetite-associated
amphibole from Kaladawan is dominated by actinolite (Fig. 7), similar
to those of typical skarn-type Fe deposits (Fe-rich in the tremolite–
actinolite series; Meinert et al., 2005).

In summary, the Kaladawan skarn resembles that of in typical skarn-
type Fe–Mo deposits in terms of its mineral assemblage, composition
and spatial relationshipwith intrusion, and should be formedby contact
metasomatism of the granite-derived fluids with marble.

7.2. Genesis of the Kaladawan Fe–Mo ore field

Various genetic models have been proposed to explain the origin of
the Kaladawan Fe–Mo ore field: hydrothermal metasomatic-filling
(Qi et al., 2008), synsedimentary–exhalative (SEDEX) with later hydro-
thermal overprint (Chen et al., 2009, 2012; Gao et al., 2012; Hao, 2013)
and SVIO-type (Hou et al., 2014a). Magnetite geochemistry is a useful
petrogenetic and provenance indicator to discriminate magnetite from
the various source rocks and mineral deposit types (Dare et al., 2014;
Dupuis and Beaudoin, 2011; Hu et al., 2015; Huang et al., 2015;
Nadoll et al., 2014a). The magnetite crystallized from the gabbro- and

Image of Fig. 8
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dolerite-derived fluids may be similar to that from magmatic Ni-Cu-
PGEs deposits (characterized by high contents of Ti, V, Cr and Ni, Dare
et al., 2014). However, the low Ti, Cr and Ni contents of the Kaladawan
magnetite indicate a hydrothermal (rather thanmagmatic) origin (Dare
et al., 2014; Dupuis and Beaudoin, 2011). It is also supported by that the
Kaladawan magnetite data points were plotted outside the Ni-Cu de-
posits field (Fig. 8A) but inside the skarn field (Fig. 8B), reaffirming its
skarn origin and precluding a sedimentary-related (e.g., BIFs, SEDEX)
origin. The geochemical data for magnetite from SVIO-type deposits
are rarely published. Nevertheless, the magnetite from submarine vol-
canic rocks, VMS and Fe–Mn oxide (concretion) deposits can be served
as a proxy to the SVIO-derived magnetite, as the fact that SVIO deposits
are formed by submarine magmatism and related post-magmatic hy-
drothermal activities (Hou et al., 2014a; Jiang andWang, 2005). Magne-
tite from VMS deposits, typically contains high Si, Zn and Ca and low Al
(Dupuis and Beaudoin, 2011), ismarkedly different from theKaladawan
magnetite. Similarly, in the discrimination diagram, all the Kaladawan
magnetite data points were plotted outside the VMS field (Fig. 8C). In
addition, the Kaladawan magnetite has bulk continental crust-normal-
ized multi-element patterns similar to that of the Vegas Peledas skarn
Fe deposit (Fig. 9A; Pons et al., 2009), but distincts frommagnetite of ig-
neous rocks (e.g., andesite and granite), BIFs and magmatic Cu-Ni-PGEs
deposits (Fig. 9B).

Furthermore, the Kaladawan Fe–Mo ore field share similar charac-
ters to typical skarn deposits, e.g., the Yangtze River Valleymetallogenic
belt (Mao et al., 2011; Pan and Dong, 1999; Zhai et al., 1996), the
Shangfanggou Mo–Fe deposit in Eastern Qinling (Yang et al., 2013),
the Xiaobaishitou W (–Mo) deposit in eastern Tianshan (Deng et al.,
2017) and the Vegas Peledas skarn Fe deposit in Argentina (Pons et
al., 2009). These characters include: (1) The orebodies occur in the con-
tact zoneswith the host rocks; (2) Skarns are extensively developed and
formed by the interaction between fluids derived from intrusions and
host rocks; (3) metallogenesis is spatially associated with skarn alter-
ation. Therefore, the Kaladawan ore field is a skarn system.

7.3. Implications for Mo mineralization

The Kaladawanmolybdenite grainswere Re–Os dated to be 477.1±
7.0 Ma to 483.3 ± 7.0 Ma (Hao, 2013). These ages were younger than
the Cambrian host rocks but consistent with that of the 476.1 ±
3.6 Ma Kaladawan intrusions (Wang et al., 2016), which indicated that
the Mo mineralization was associated with the intrusions. The
Kaladawanmagnetite has higher Mo concentration (up to 30 ppm, me-
dian = 5 ppm, Table 5) than those of many skarn Fe deposits in the
world, which commonly have Mo concentration below the detection
limits (Fig. 9A; Nadoll et al., 2014a, 2014b; Zhao and Zhou, 2015). Mo-
lybdenite occurs as veinlets crosscutting magnetite ores and associated
with other sulfide minerals (pyrite + chalcopyrite + pyrrhotite +
sphalerite + galena) at the Kaladawan, suggesting a later formation
(Fig. 3F, G). In fact, the assemblage was well match up that of sulfide
mineralization stage in skarn-type deposits, which further confirmed
that the Kaladawan Fe–Mo mineralization is skarn-type. As indicated
by the high resolution SEM imaging, the high Mo concentration in the
Kaladawan magnetite is not caused by molybdenite inclusions (as
they are absent). Instead, the Mo may have been introduced directly
from the Mo-rich hydrothermal fluids into the magnetite crystal
lattices.

8. Conclusions

(1). TheKaladawan Fe (–Mo) deposits are hosted in the skarn-altered
Upper Cambrian Tashibulake Formation marble and volcanic–
sedimentary sequences. The orebodies are distributed in the
skarn in contact with the Kaladawan granite, similar to typical
skarn system.

(2). The Kaladawan ore-hosting skarn comprises garnet (61.2–
94.4 mol% andradite; 37.5–5.0 mol% grossularite) and pyroxene
(55.4–94.7 mol% diopside; 42.5–4.7 mol% hedenbergite), resem-
bling typical skarn Fe and Mo deposits worldwide. The
Kaladawan skarn were formed by contact metasomatism be-
tween the granite-derived fluids and the Tashibulake Formation
volcanic–sedimentary rocks.

(3). The Kaladawan magnetite has unusually high Mg, Mo and Cr
contents, and its (Ti + V) and (Al + Mn) values are similar to
typical skarn Fe mineralization but distinct from SVIO-type
mineralization.

(4). The Kaladawan Fe–Mo ore field is a skarn system.
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